Cardiac sarcoplasmic reticulum (SR) has several chloride (Cl-) channels, which may neutralize the charge across the SR membrane generated by Ca 2+ movement. We recently reported a novel 116-picosiemen Cl-channel that is activated by protein kinase A-dependent phosphorylation in cardiac SR. This Cl-channel may serve as a target protein in the receptor-dependent regulation of cardiac excitation-contraction coupling. To understand further regulatory mechanisms, the effects of Ca2+ on the Cl-channel were studied using the planar lipid bilayer-vesicle fusion technique. 
In cardiac myocytes, sarcoplasmic reticulum (SR) plays a central role in excitation and contraction (E-C) coupling.1 Calcium ions (Ca2+) are released through ryanodine receptor Ca2+ release channels and taken up via the Ca2`pump in SR. 2 Other ion channels such as K' and Cl-channels also exist in the SR membrane. [3] [4] [5] They are supposed to maintain the charge neutrality across the SR membrane generated by Ca21 movement during E-C coupling. Therefore, those channels should play important roles in the regulation of release and uptake of Ca21 mediated by SR during the contraction and relaxation cycle. Several Cl-channels on cardiac and skeletal SR membranes have been identified by the lipid-bilayer technique.4 '5 Rousseau5 reported a cardiac SR Cl-channel with the conductance of 55 picosiemens in 260 mmol/L Cl-. Tanifuji et a14 reported a skeletal SR Cl-channel with the conductance of 200 picosiemens in 100 mmol/L Cl-. The openings of these Cl-channels increase with membrane depolarization and are blocked by cytosolic Ca24. These channels seem not to be regulated by intracellular substances, such as protein kinase A (PKA).
Recently, we found a Cl-channel in the cardiac SR membrane whose conductance was 116 picosiemens with 500 mmol/L Cl-.6 The channel opening was voltage independent between -40 and + 100 mV and activated by the cytosolic catalytic subunit of PKA. Thus, this cardiac SR Cl-channel is different from those reported by Rousseau5 and Tanifuji et a14 and may serve as a novel intracellular target protein of cytosolic PKA. Being actively regulated by such hormones as ,3-adrenergic agonists and histamine through the cAMP-PKA pathway, this 116-picosiemen Cl-channel may play an important role in the receptor-dependent regulation of cardiac E-C coupling. However, it is not known whether other intracellular second messengers can regulate this SR Cl-channel. . 11A . 11, J J_ I'll, Purified cardiac heavy SR vesicles were incorporated into planar lipid bilayers. By using 500 mmol/L CsCl in the cis and 50 mmol/L CsCl in the trans chamber solutions, several kinds of ion channels were identified in the bilayers as reported previously.614 At 0 mV, Cs4 current through the ryanodine-receptor channel flowed in the outward direction, and Cl-channel current flowed in the inward direction. When sarcolemmal vesicles, instead of heavy SR vesicles, were incorporated into the bilayer, we could detect neither the ryanodinereceptor channel currents nor the Cl-channel currents (not shown).
The 116-picosiemen Cl-channel current ran down spontaneously within 2 minutes after incorporation in the absence of Mg-ATP as reported previously6 (Fig 1) . After rundown, either 5 mmol/L Mg-ATP or 148 ng/mL PKA with 0.05 mmol/L Mg-ATP added to the cis solution restored the channel activity, both of which were prevented by the protein kinase inhibitor specific to PKA.6 The channel opening was unaffected by changing the membrane potential between -40 and + 100 mV and was inhibited by 4,4'-dinitrostilbene-2,2'-disulfonic acid (DNDS, 0.1 mmol/L). 6 The slope conductance of the Cl-channel measured in the presence of 5 mmol/L Mg-ATP was 113 15 picosiemens with 500 mmol/L Cl- (Fig 1C) , and the open-time and closed-time histograms could be fit by the sum of two exponentials (Fig SA) . The time constants of the exponentials for the opentime histogram were 1.5+0.1 (mean±SD) milliseconds (n=5) and 40±5 milliseconds (n=5). Those for the closed-time histogram were 0.7±0.1 milliseconds (n=5) and 6.0±0.5 milliseconds (n=5). These time constants were identical to those reported previously. 6 1 ,g SR vesicles) had no effect on Cl-channel openings (n=5) (Fig 4A, 4B, and 4E ). When free Ca2+ concentration was increased to 3 ,umol/L or more in the presence of CaM, the channel activity was reduced in a concentration-dependent fashion (Fig 4C and 4E) (Fig SB) , whose time constants were almost identical to those in the control condition (Fig SA) .
When the concentration of Ca2+ in the cis solution was increased to 40 gmol/L with CaM, the mean open time seemed to become shorter and the long closed time appeared (Fig 4C) . By analyzing those histograms, the open-time histograms could be fit by two exponentials with time constants of 1.0±+0.5 and 12±+2.6 milliseconds (n=4), in which the slow component became shorter compared with those in the control condition or in the presence of 0.5 gmol/L Ca>2 with CaM (Fig 5C, left) .
The closed-time histogram analyzed with a single active channel could be fit by three exponentials with time constants of 0.7+0.7, 3.0±+1.3, and 30±+15 milliseconds (n=4) (Fig 5C, right) . Thus, the slowest component of the time constant appeared after application of CaM, gmol/L Ca>2 with CaM ( Fig 5B) .
Mechanism of CaMAction
To elucidate the mechanism of blocking the channel activity by CaM, we tested the effects of Ca2+-CaM blockers in the following experiments. After the blocking of the Cl-channel by Ca2'-CaM, the further application of calmidazolium (1 gmol/L) in the cis solution could reactivate this channel (Fig 6A) . Also - 
Discussion
The (Fig 6A and 6B) but not by KN62 (Fig 6C) The blocking mechanisms of the Cl-channel were studied using the anion transport inhibitor DNDS, which is known to block apical membrane Cl-channels from several Cl--secreting epithelia. 20 The inhibitory actions of DNDS on single Cl-channels from rat colonic membranes were characterized by Bridges et al. 20 They showed that DNDS increased the number of current transitions within a burst period, reflecting the (Fig 4E) .
During the relaxation phase, Ca 2 in the cytosol is taken up to SR via the Ca 2 pump, and then it is speculated that this Cl-channel can be activated by the relief of Ca2+-CaM blocking due to decreasing intracellular Ca 2 (less than 0.5 gamol/L) (Fig 2C) . Thus, the regulation of the Cl-channel by Ca2-CaM is expected to play a role in SR function during the contraction and relaxation cycle. Therefore, this Cl-channel modulated by the Ca2-CaM complex may contribute to the neutralization of the potential across the SR membrane generated by Ca 2 uptake through the Ca 2 pump during relaxation. This is a novel regulation of the SR Cl-channel mediated by intracellular second messengers. Further studies are needed to elucidate physiological and pathophysiological roles of the Cl-channel in the regulation of E-C coupling and cardiac function.
